Introduction
Chronic kidney disease (CKD) is associated with high rates of cardiovascular morbidity and mortality [1] . Renal osteodystrophy and deranged phosphate and calcium homeostasis, accompanied by elevated Fibroblast growth factor 23 (FGF23), parathyroid hormone (PTH) and vitamin D deficiency, have been recognized as crucial cardiovascular risk factors and constitute CKD-mineral and bone disorder (CKD-MBD) syndrome [2] . The simultaneous accelerated calcification of soft tissue and decalcification of bone are driven by the abnormal function of factors involved in mineral metabolism, placing the bone-vascular axis at the center of cardiovascular disease associated with CKD.
Sclerostin is a recently identified osteocyte-secreted 22-kDa glycoprotein that is encoded by the SOST gene. It inhibits osteoblast proliferation and differentiation promoting their apoptosis via canonical Wnt-signaling inhibition [3] . The clinical importance of sclerostin has been emphasized by inherited disorders with excessive bone formation such as sclerostosis [4] ; Van Buchem disease [5] , "leontiasis ossea" [6] . Wnt-signaling activation has an anabolic and anticatabolic bone effect [3, 4] . Recent experimental and clinical studies suggest that the Wnt pathway may also play a role in atherosclerosis and vascular calcification: sclerostin was found in atherosclerotic plaques [7] [8] [9] [10] and shown to be expressed in calcifying vasculature, which indicates an involvement in transdifferentiation from vascular smooth muscle towards osteocyte-like cells [7] . Data on prospective studies associating sclerostin with cardiovascular calcification and mortality in hemodialysis patients are so far inconsistent.
The aim of this study was to explore all-cause and cardiovascular mortality in a large well-defined prospective hemodialysis patient cohort. Moreover, we aimed to establish a relationship between sclerostin, FGF23 and other bone remodeling factors governing CKD-MBD.
Materials and Methods
This study was approved by the ethics committee of medical faculty Eberhard-Karls-university Germany (project 191/2009BO2) and conducted in accordance with the Helsinki declaration. All study participants provided a written informed consent.
Patients
Patients were eligible if they had given written informed consent, initiation of hemodialysis was more than three months previously and there was no evidence of cardiac event, cardiac amyloidosis or cardiac procedure within the previous two months, no acute life-threatening illness such as malignancy, stroke, frailty, with life expectancy below 6 months, as estimated by the primary treating physician blinded to sclerostin levels. Mortality was prospectively recorded and coded. Patients received status "survived" if they continued attending their regular thrice-weekly hemodialysis facility on 28.08.2014. No patient recovered kidney function. To ascertain the survival status of patients who moved to another dialysis center, the new primary physician was contacted by telephone. The follow-up of 16 transplanted patients was censored at their transplantation date. The cause of death was reported by the primary treating physicians, blinded to the biomarker results and according to their best knowledge. Cardiovascular death was defined as sudden cardiac death, fatal myocardial infarction or fatal ischemic event secondary to cerebrovascular or peripheral vascular disease.
Control group
The control group consisted of 55 healthy blood donors (37 females and 18 males) who permitted use of their samples for research purposes (age 47 ± 21 years). Blinded to sclerostin, we generated ageadjusted groups by excluding hemodialysis patients older than 60 years. The age-adjusted groups included 55 hemodialysis patients aged 48 ± 10 years and the 55 controls.
Nowak/Artunc/Serra/Pollock/Krayenbühl/Müller/Friedrich: Sclerostin in Hemodialysis Patients the plasma samples were stored at -80°C for further batched analysis when sclerostin, FGF23 and Klotho levels were measured in a blinded fashion in the simultaneously drawn samples. Plasma sclerostin was measured by ELISA (TECOmedical; Sissach, Switzerland) according to the manufacturer`s instructions. The limit of detection is 0.008 ng/ml; the lower and upper limits of quantification are 0.01 and 3.34 ng/ ml respectively. Dilution experiments with the assay buffer (1:2, 1:4, 1:8) showed a mean recovery of 102 % with a variation coefficient of 6.8%. Plasma FGF23 levels were measured using the two-site second generation Human FGF23 (C-Term) ELISA Kit (Immutopics, San Clemente, CA), soluble α-Klotho using ELISA Kit (Immuno-Biologic Laboratories Co., Ltd. Japan), both as previously reported [11] .
In a small proportion of patients with low sample volume, we were able to measure either FGF23 or sclerostin. Levels of PTH, AP, serum calcium and phosphate were extracted from the patient medical records and averaged from the available values of the previous year (4-12 values). 25(OH)vitamin D levels were measured 3 months around study enrolment.
Clinical data
All clinical evaluation of the patients was performed at baseline. Data on residual diuresis (24 h urine in milliliters per day), single pool Kt/V (mean of the last 4 values), interdialytic weight gain, predialytic blood pressure (means from the last 12 values), dialysis access and membrane, dialysis duration, blood pump, arterio-venous fistula flow (measured with a Transonic system, Ithaca, USA) was collected. Body Mass Index (BMI) was calculated as postdialytic dry weight at study enrolment in kilograms divided by the square of the height in meters.
Statistical analysis
We used descriptive statistics for baseline characteristics and laboratory parameters according to the baseline sclerostin tertiles. Categorical variables were expressed as proportions, continuous variables as means with standard deviations or medians with interquartile ranges [IQR] . Normal distribution was assessed by Kolmogorov-Smirnov-Test. Comparisons of groups were made using one-way analysis of variance (ANOVA), chi-squared, Mann-Whitney and Student test as appropriate. Cox regression analysis was used to examine the mortality risk associated with baseline sclerostin, FGF23, PTH, AP, serum calcium and phosphate levels. Multivariable models were applied to adjust for potential confounders, using prior knowledge of variables that have been associated with mortality risk in hemodialysis patients. We hierarchically adjusted for demographics in model 1, dialysis-specific risk factors and comorbid conditions in model 2, and albumin, hemoglobin, C-reactive protein and cholesterol in model 3.
In order to separate cardiovascular mortality risk, follow-up of the patients who died from noncardiovascular causes was censored at the day of their death, taking into account that patients dying from non-cardiovascular causes were no longer at risk of dying from cardiovascular causes. Kaplan-Meier analysis was performed and log-rank test of survival distributions equality for the sclerostin tertiles was calculated.
We used logistic regression analysis to explore the association between baseline sclerostin and other bone remodeling markers. The model determination was done using correlation analysis to identify possible collinearity between outcome variable and predictors and subsequently the regression equation was formed by selecting predictors using a prior knowledge of variables that have been associated with sclerostin or possibly be associated according to our opinion. We hierarchically adjusted for demographics in model 1 and dialysis-specific factors, cardiovascular risk factors, mineral metabolism drugs in model 2.
The statistical analyses were performed using the SPSS/PC (version 20.0; SPSS Inc., Chicago, IL, USA) software package. All statistical tests were two-sided, and P values <0.05 were considered significant.
Results

Baseline characteristics and outcome
We enrolled prevalent bicarbonate hemodialysis patients from four centers in Southwest Germany participating in a multicenter prospective study. This cohort was established between September 2009 and April 2010 to investigate the associations between novel biochemical risk parameters and mortality [12] [13] [14] . From a total of 250 eligible patients, 239 (96%) were enrolled. The exclusion reasons were: six declined to participate, two died within Nowak/Artunc/Serra/Pollock/Krayenbühl/Müller/Friedrich: Sclerostin in Hemodialysis Patients two weeks after enrolment, two suffered from cardiac amyloidosis and one had initiated hemodialysis less than three months before. One patient was lost to follow up. Ninety patients (38%) died within the median follow-up of 1461 [735-1517] days: 18 (20%) of a sudden cardiac death, 17 (19%) of an ischemic cardiovascular event, 13 (14%) of an infection, 6 (7%) of a malignancy, 25 (28%) of dialysis stop due to frailty, in 11 (12%) the cause of death was unknown. Sclerostin at enrolment was measured in 80 (89%) non-survivors and 141 (95%) survivors, FGF23 in 87 (97%) non-survivors and 147 (99%) survivors. The baseline characteristics and laboratory results are given in Table 1 . Sclerostin levels were correlated with hemodialysis vintage (R=0.18; P=0.006) and CRP (R=0.15; P=0.03). There was no correlation with age, BMI, KT/V, residual diuresis and sKlotho (data not shown).
Mortality
Mean sclerostin (1.21 ± 0.43 vs 1.27 ± 0.48 ng/ml, P=0.38) and phosphate (1.62 ± 0.37 vs 1.65 ± 0.40 mmol/l, P=0.62) as well as median 25(OH) vitamin D (27 [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] vs 28 [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] ng/ml, P=0.62) levels were similar in non-survivors and survivors. Mean FGF23 levels tended to be higher (1170 ± 2582 vs 712± 1413 RU/ml, P=0.08), mean PTH (299 ± 205 vs 223 ± 152 pg/ml, P=0.001) and AP (98 ± 46 vs 86 ± 39 U/l, P=0.03) levels were higher in non-survivors than in survivors. Median calcium levels tended to be lower in non-survivors than in survivors (2. We avoided collinearity of bone remodelling markers into a Cox regression analysis by adding predictors to separate models and by applying univariate analysis. Cumulative survival among the three groups, stratified according to the baseline sclerostin tertiles, was similar in a Kaplan-Meier analysis (P=0.94) (Figure 1 ).
Association of sclerostin with other bone remodelling parameters at baseline
Sclerostin negatively correlated with FGF23, (Table 3 ). There was no correlation between sclerostin and 25(OH)vitamin D levels (R= 0.02, P = 0.19).
In unadjusted regression analysis, FGF23, PTH, AP, phosphate and calcium were determinants of sclerostin levels. In a fully adjusted model, only FGF23, PTH and AP were independent determinants of sclerostin levels (Table 4) .
Sclerostin in controls versus hemodialysis patients
The mean sclerostin level in controls was lower than in hemodialysis patients before (0.58 ± 0.26 vs 1.25 ± 0.46 ng/ml, P<0.001) and after age adjustment (0.58 ± 0.26 vs 1.29 ± 0.51 ng/ml, P<0.001).
Among females, sclerostin levels were lower in controls than in hemodialysis patients, the same was true among males ( Figure 2 ). Sclerostin levels correlated with age in controls (R=0.52, P<0.001), but not in hemodialysis patients (R=-0.1, P=0.86).
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Our data stimulate further discussion about the role of mineral metabolism and accelerated arterial calcification leading to cardiovascular morbidity and mortality in hemodialysis patients. Previous studies examining sclerostin as a predictor for adverse outcomes have in certain cases delivered inhomogeneous results. A study by Viaene et al found a trend towards survival benefit with higher circulating sclerostin levels in 100 hemodialysis patients after a median follow-up time of 637 days [15] , suggesting that sclerostin might be a calcification inhibitor. In contrast, Kanbay et al found higher sclerostin values to be associated with fatal and non-fatal cardiovascular events in 173 non-dialyzed patients with CKD stages 3-5 after a mean follow-up of 26 months [16] . A very recent study by Drechsler et al found high sclerostin levels to be protective for cardiovascular mortality in 673 incident dialysis patients [17] . The findings of Delanaye et al could not support these results -they found no association between sclerostin and mortality after 2 years in a observational study with 164 hemodialysis patients [18] . The mortality rates in studies by Viaene et al and Delanye et al, both examining prevalent hemodialysis patients over a follow-up period of ~ 2 years, are slightly higher (~ 15 % per year) as compared to our study (~10% per year). Nevertheless, 
Discussion
In this study, we observed three major phenomena. Firstly, higher FGF23, PTH, AP and lower 25(OH) vitamin D but not sclerostin levels were associated with longterm all-cause mortality after adjustment for potential confounders. An analysis for cardiovascular mortality alone did not improve the association with sclerostin. Secondly, sclerostin levels were negatively correlated with FGF23, PTH and AP; in a fully adjusted model, higher FGF23, PTH and AP were independent determinants of Nowak/Artunc/Serra/Pollock/Krayenbühl/Müller/Friedrich: Sclerostin in Hemodialysis Patients the finding of no significant correlation between sclerostin levels and all-cause mortality is similar among these both and our studies. The novelty of our study is that we extended the follow-up time to ~ 4 years and augmented the observed prevalent cohort to 239 patients.
The potential reasons for these differences remain somewhat unclear. The case-mix of patients was different between studies. In particular, the study by Viaene et al contained a higher proportion of patients with diabetes mellitus and had an overall shorter dialysis vintage in the hemodialysis cohort as compared to our study. Kanbay et al enrolled nondialyzed CKD patients. The well-powered prospective cohort study from the Netherlands (NECOSAD) by Drechsler et al included incident (and not prevalent) patients of younger age as compared to our study, 7% of them were on peritoneal dialysis. Moreover, the use of phosphate binders and vitamin D supplementation as well as dialysis specific factors like residual diuresis and cardiovascular comorbities are not shown in the study. However, these factors may play a prominent role in influencing mortality and could partly explain the lack of similarity to our results.
Another potential inhomogeneity source is that two different ELISAs for circulating sclerostin were used in the aforementioned studies: TECOmedical in the present and in the study by Drechsler et al and Biomedica in study by Viaene et al and Kanbay et al. Although the assays show a strong correlation, the intra-and inter-precision for TECO (<10%) was shown to be smaller than for Biomedica (<20%) in another recent study by Costa et al [19] .
The cause of the lack of association of circulating sclerostin with mortality shown in this study remains to be elucidated. A possible explanation is that sclerostin accumulates in hemodialysis patients, not only due to its enhanced production in bones and possibly calcifying tissues but also due to its absent or very low elimination due to low residual kidney function. An important role of kidney function in sclerostin clearance was shown in studies by Pelletier et al [20] . Due to its low molecular weight and positive charge [21] , sclerostin is filtered across the glomerular membrane and reabsorbed from urine [22] . Also the study by Bonani et al showed a dramatic sclerostin decrease after kidney transplantation in patients with ESRD. This effect can predominantly be explained by the improved kidney function [23] .
Interestingly, we found sclerostin levels in hemodialysis patients to be considerably higher than in the control group, which is in line with previous results [15, 16, 24] .This phenomenon could be explained not only by reduced clearance in impaired kidney function, but also by an enhanced production in uremia. Cejka et al were the first to document increased renal sclerostin elimination with declining kidney function suggesting an increased sclerostin production in uremia [22] . In agreement, Sabbagh et al reported an increased expression of the SOST gene and other Wnt antagonists in the bone biopsies of CKD mice [25] . In early CKD, sclerostin and other Wnt pathway inhibitors were shown to induce a mineral and bone disorder in an experimental mouse model [9, 26] and in humans [9] . Sclerostin expression was found in the aortas of patients undergoing aortic valve replacement conducted secondary to aortic calcification [27] . Brandenburg et al found an association of sclerostin with calcifying aortic valve disease [24] in 67 chronic hemodialysis patients. An animal study by Zhu et al showed sclerostin to be upregulated in vascular calcification models [7] .
Of note, FGF23 and iPTH were negatively correlated with sclerostin levels in our study. Both hormones exert a phosphaturic action, FGF23 increases followed by PTH increase with advancing phosphate retention during the progression of kidney disease [28] . Concordantly, PTH receptor signalling is a known inhibitor of sclerostin expression [29] . PTH was shown to reduce sclerostin expression in osteocytes in culture and animal models [29] [30] [31] , systemic PTH treatment was followed by a reduction of sclerostin levels in postmenopausal women [32] .
In summary, we hypothesize that the negative association of sclerostin with the other CKD-MBD parameters (FGF23, PTH and AP) may indicate a protective role of sclerostin as an inhibitor of vascular calcification.
Several limitations merit consideration. Firstly, the study was not designed to establish the exact cause of death. This limitation is common and may partly be due to the relatively low autopsy rate [33] . Due to this, the cause of death was established according to the best Nowak/Artunc/Serra/Pollock/Krayenbühl/Müller/Friedrich: Sclerostin in Hemodialysis Patients knowledge of the treating physicians. Secondly, we did not define non-fatal MI as an end-point. Non-fatal MI rarely occurs in hemodialysis patients [34] and coronary media calcifications rather than arterial plaques have a greater impact on mortality in dialysis patients [35, 36] . We also did not record smoking habits at study enrolment. Thirdly, we cannot report on 1,25(OH)vitamin D measurements, as this is not routinely measured in our hemodialysis patients. Similarly, we cannot report on bone specific alkaline phosphatase measurements. On the other hand, conventional rather than bone specific alkaline phosphatase has been recommended to be measured for monitoring and management of CKD-MBD [37] and strongly reflects clinical outcomes in hemodialysis patients [38] . Fourthly, sclerostin, FGF23 and Klotho were simultaneously measured at enrolment, whereas levels of routinely used biomarkers were extracted from the patients` notes meaning not exactly the same time points of measurement. Nevertheless, the significant association of the novel and conventional parameters seems to be in accordance with previous works we discussed above. Another limitation is that in a small proportion of patients with low sample volume, we were able to measure either sclerostin or FGF23. Finally, we did not quantify vascular calcification, perform bone biopsy or densitometry and therefore cannot interpret sclerostin and other bone remodelling marker results in the light of such findings. Further studies including a larger number of patients to examine the effect of sclerostin levels on cardiovascular morbidity and mortality are desirable to explain inhomogeneity among studies and better establish the role of circulating sclerostin on soft tissue calcification and bone formation in CKD.
Conclusion
Higher FGF23, PTH, AP and lower 25(OH)vitamin D but not sclerostin levels predict long-term mortality. Sclerostin may be considered as one of the important players of CKD-MBD in hemodialysis patients.
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